The emerging field of 'live cell nanoscopy' has revolutionized the way biologists explore the living cell at molecular resolution. Whereas far-field fluorescence nanoscopy enables the study of the nanoscale localization and dynamics of biomolecules in cells, recent developments in atomic force microscopy (AFM) techniques offer unprecedented opportunities for imaging the structural heterogeneity of cell surfaces, and for probing the functional properties of their molecular machineries ( Figure 1 ). In the past few years, AFM-based force nanoscopy has enabled key breakthroughs in cell biology, including: deciphering the nanoscale architecture of cell surfaces and their remodelling upon changes to the cell's functional state; understanding cellular mechanics and their functional implications; quantifying the cell adhesion forces that contribute to processes like tissue development, cell division, and bacterial infection; unravelling the molecular elasticity of cellular proteins; and elucidating how cells reassemble membrane receptors into nanodomains and modulate their functional state. In this Primer, we explain the basic principles of AFM and provide a snapshot of some of the exciting work being done in cell biology using this multifunctional tool.
Feeling the force
The brilliant idea behind AFM is to sense the tiny forces acting between a sharp tip and the specimen to contour its surface ( Figure 1A ), instead of using photons or electrons, as in other microscopies. The tip is attached to a cantilever that bends under force and is moved in three dimensions using a scanner. Cantilever bending is measured by a laser beam that is focused on the free end of the cantilever and reflected into a photodiode. Unlike other microscopy techniques, the biological specimen must not be stained, labelled or fixed and can be imaged in physiological conditions (i.e., buffer solution, ambient temperature).
Although AFM was originally invented for structural nanoscopy, i.e. for imaging the topography of surfaces ( Figure 1B) , it has recently evolved into a multifunctional molecular toolbox, enabling researchers to study the interactions of biological systems over scales ranging from single molecules to whole cells. This functional nanoscopy relies on force spectroscopy modalities, such as single-molecule force spectroscopy (SMFS), molecular recognition mapping (MRM), and single-cell force spectroscopy (SCFS), in which the cantilever bending is recorded while the tip and sample are approached and retracted ( Figure 1C ). In SMFS and MRM, the tip is functionalized with biological molecules, such as proteins, carbohydrates or even viruses, while in SCFS the tip is replaced by a living cell ( Figure 1D ). The characteristic adhesion (or unbinding) force observed during tip (or cell) retraction is the parameter that provides key information on the adhesion and mechanical properties of individual biomolecules (SMFS), receptor distribution (MRM), and single-cell adhesion forces (SCFS).
Cell surface structure
Pioneered by the Engel group 15 years ago, high-resolution AFM imaging has produced fascinating insights into the supramolecular architecture of native membrane proteins. Today, the oligomeric state, working cycle and supramolecular assembly of membrane proteins are routinely imaged at sub-nanometer resolution, thus complementing the structural information obtained by electron and X-ray crystallography. Prominent examples of membrane machineries imaged by AFM include G-protein coupled receptors in native disc membranes, junctional microdomains in human eye lens membranes, photosynthetic membranes and their changes in response to light, communication channels from epithelial cells and their functional modulation, and nuclear pore complexes in oocyte nuclear envelopes, just to name a few. These in vitro structural investigations are of fundamental and medical relevance since protein machineries of the cell membrane are involved in virtually every cellular process and are major targets of therapeutic drugs.
Although very impressive, the above studies were conducted on isolated (or reconstituted) membranes that were removed from their native cellular environment. However, we know that cells dynamically control the supramolecular assembly and functional state of their molecular machineries. Therefore, it is an important task in current structural nanoscopy to decipher the surface architecture of live cells. Today, the imaging resolution on mammalian cells is generally limited to ~50 nanometers because of the soft, fragile, corrugated and dynamic nature of the cell surface. As a result, the scanning AFM tip partially deforms the cell surface, convolutes non-linearly with cell surface structures, and easily becomes 'blind' due to tip contamination by loosely bound macromolecules (glycocalyx). To solve this issue, we would need a scanning probe technique in which the probe is not in direct contact with the surface. This can be achieved by scanning a nanopipette over the specimen surface without physical contact, a method known as scanning ion conductance microscopy. In the past years, Korchev and colleagues have used this type of scanning nanopipette to image cell surfaces under physiological conditions with a resolution approaching ~20 nanometers.
In fact, much of the recent progress in live-cell imaging has occurred in microbiology. AFM has resolved the nanoscale architecture of crystalline protein layers (rodlets) on the surface of various microbes, including Bacillus bacteria and fungal pathogens like Aspergillus fumigatus. The nanoscale organization of peptidoglycan, the major constituent of bacterial cell walls, has been observed in several bacterial species. AFM images of Bacillus atrophaeus cells revealed a porous network of peptidoglycan nanofibers, consistent with a honeycomb model structure for synthetic peptidoglycan oligomers. Imaging of Lactococcus lactis bacteria revealed 25-nm-wide periodic bands of peptidoglycan running parallel to the short axis of the cell. This nano-architecture was missing in isolated sacculi, emphasizing the importance of probing peptidoglycan directly on live cells rather than on purified structures.
Of major interest is the possibility of tracking cell-surface dynamics associated with cell growth or drug interaction, using real-time imaging. Currently, AFM is severely limited by its slow imaging speed (typically, about 1 minute per image). Hopefully, rapid advances are being made in developing fast-scanning AFMs for cellular imaging. High-speed AFM was recently shown to reveal drug-induced structural alterations in bacterial cells. The increased time resolution (13 sec per image) allowed the researchers to characterize the initial stages of the action of antimicrobial peptides on individual Escherichia coli cells with nanometer resolution. Although some high-speed instruments can image biosurfaces even much faster (100 ms per image), their application to live cells has not yet been demonstrated.
How stiff is a living cell?
Pushing the AFM tip onto live cells allows for the measurement of their elasticity, a property that is important for understanding the mechanisms underlying cell shape, adhesion, growth, migration and division. In early work, the Radmacher team could track dynamic changes in the stiffness of the cortex of adherent cultured cells during M phase, from metaphase to cytokinesis, revealing furrow stiffening during division of adherent cells. In other examples, AFM was applied to quantitatively determine the stiffness of vascular endothelial cells. Oberleithner and colleagues showed that endothelial cells directly respond to small changes in extracellular sodium, which acts as a cell stiffener. This information is important for elucidating the molecular bases of various diseases, such as hypertension, stroke, coronary heart disease and kidney fibrosis. AFM measurements on live metastatic cancer cells revealed they were substantially softer than benign cells. Along the same line, quantitative differences in elasticity were observed between normal and cancerous human cervical epithelial cells. This behaviour was suggested to reflect differences in the spatial organization of cell-surface brush layers (microvilli, microridges and cilia) that are important for interactions with the environment. Although these mechanical studies are often delicate to conduct and to interpret, they offer potential applications for studying cellular processes and diseases.
A current trend that receives much attention is to combine AFM-based mechanical measurements with fluorescence imaging. AFM instruments are generally combined with epifluorescence microscopy to provide images of the cells along planes parallel to the surface. Cells can also be viewed three-dimensionally using confocal microscopy. Currier et al. combined AFM and confocal microscopy to mechanically probe individual cells following the activation of angiotensin receptors, which are well known for their role in cellular homeostasis regulation. Similarly, the Pelling group visualized the internal deformation of the cytoskeleton and nucleus during distinct mechanical stages of early cell death. Three-dimensional optical imaging is particularly interesting for the study of cellular shape changes, cytoskeletal rearrangements and cell membrane reshaping in response to mechanical stress.
Researchers may also learn about membrane elasticity by pulling the cells with the AFM tip. It has been shown that pulling membrane receptors away from the cell may lead to the formation of a membrane nanotube (or tether). This formation of membrane nanotubes is of potential physiological relevance as membrane nanotubes have been reported to facilitate intracellular attachment and communication. Analyzing the nanotube extension forces reveals properties of the plasma membrane, such as the extent of anchoring to the cytoskeleton, tension, and viscosity. These membrane properties can influence cell migration, motility and sorting, intracellular trafficking, and the assembly and function of membrane proteins.
Forces that drive cell adhesion, sorting and shape Cell adhesion mediated by specific cell-surface molecules plays a pivotal role in many cellular processes, including neuronal interactions, cellular communication, tissue development, inflammation, cancer, and microbial infection. Within 15 years, SMFS has established itself as a popular technique to quantify the binding strength of single cell adhesion molecules, such as selectins, cadherins, integrins, oligosaccharides, proteoglycans, and microbial adhesins. In a complementary manner, SCFS uses a living cell to quantify cell-cell and cell-matrix interactions to molecular resolution. The interest in using a cell as a probe is that molecular biology and genetic tools can be used to observe how the functional state of the cell regulates the receptors interacting with another cell. Both SMFS and SCFS have allowed crucial questions in development, cell motility and migration, and microbial pathogenesis to be addressed.
Using SCFS, the Heisenberg lab quantified the mechanical and adhesive properties of germ-layer cells of the zebrafish embryo. Surprisingly, it was found that not the adhesion but the cell-cortex tension is important for germ-layer organization. This approach led to the conclusion that the over 50-year-old differential adhesion hypothesis is insufficient to describe self-sorting of embryonic cells. The same lab also used AFM to reveal that cell-cortex tension and attachment are key parameters controlling directed cell migration during gastrulation of zebrafish embryos. Another key question in developmental biology is how the central lumen of blood vessels develops within a cord of vascular endothelial cells. Here, SCFS helped to show that electrostatic repulsion is required for the separation of endothelial cell surfaces and subsequent lumen formation.
During mitosis tissue culture cells undergo a dramatic shape change, from essentially flat to nearly spherical, but the forces and mechanisms that drive this shape change remained largely unexplained. Using a SCFS-based assay, it could be shown that the mitotic rounding force of human and vertebrate cells depends not only on the actomyosin cortex but also on transmembrane ion gradients. While changing the osmotic pressure caused actomyosindependent cell shrinkage, inhibiting the cortical actomyosin alone triggered a transient increase in cell volume. This has led to a model in which two opposing mechanisms facilitate cell rounding -osmotic outward pressure, and contractile cortical actomyosin tension, which governs cell shape.
Protein nanomechanics and cellular function
The mechanical properties of proteins play an important role in defining cellular functions. Mechanosensing, for instance, relies on the conversion of mechanical forces into biochemical signals via a set of specific proteins. A pertinent question is therefore to understand how such proteins respond to force, and how this response is related to function. The past decade has witnessed tremendous progress in applying SMFS to measure the molecular force response of proteins in vitro. Pioneering experiments by the Gaub team could unravel the unfolding pathways and structurally localize the intermolecular and intramolecular interactions of single water-soluble and membrane proteins. Further investigations, using AFM but also other manipulation techniques, showed that mechanical stimuli can alter protein conformation and activity by various mechanisms, including the forceinduced exposure of cryptic peptide sequences or catalytic sites (such as in fibronectin and integrins), the opening of mechanosensitive ion channels, the strengthening of receptor-ligand interactions by tensile mechanical force (such as the bonds mediated by the E. coli fimbrial adhesive protein FimH), and the binding of cytoskeletal proteins (like vinculin) to mechanically stretched cytoplasmic proteins (like talin rod molecules).
So far, most SMFS-based nanomechanical experiments have been performed on proteins that were removed from the native cellular context that controls their structural assembly and functional state. A hot topic in current cell nanoscopy is therefore to probe the nanomechanics of proteins directly in living cells. Dupres et al. recently achieved this goal by measuring the mechanical behavior of genetically manipulated membrane sensors in living yeast cells. Single sensors were shown to behave like nanosprings capable of resisting high mechanical force and responding to environmental stress. Similarly, SMFS was used to stretch single cell-adhesion proteins (adhesins) from the pathogen Candida albicans. Here, sawtooth force patterns were observed, corresponding to the force-induced unfolding of the individual tandem repeats of the adhesins. It was assumed that the force-induced unfolding of the proteins exposes hydrophobic groups that favor hydrophobic interactions between opposing cells. Elucidating the nanomechanics of functionally-related cell-surface proteins from pathogens offers exciting prospects towards developing new antimicrobial strategies.
Protein clustering: together we are stronger! Understanding how membrane proteins assemble into domains (patches) is a crucial, yet controversial issue in cell biology. Part of the controversy is due to the small size (~10-500 nm) and dynamic nature of membrane domains, making their direct visualization in live cells very challenging. MRM provides a powerful means to localize individual receptors on cells, and to determine their degree of clustering. The Hinterdorfer team pioneered the method to localize vascular endothelial cadherin binding sites and to correlate their position with membrane topographical features. They recently presented a new platform combining fluorescence and MRM for the improved localization of receptors on the same surface areas of Chinese hamster ovary (CHO) cells and of endothelial cells. In microbiology, MRM mapped the spatial arrangement of mycobacterial adhesins engaged in host-microbe interactions. The adhesins were concentrated into nanodomains on the bacterial surface, a behaviour that was suggested to promote the recruitment of receptors in host cells. Last year, the lateral clustering of membrane sensors was observed in living yeast cells, demonstrating that signalling is coupled to the localized enrichment of sensors within membrane patches referred to as 'nanosensosomes'. Stretching single C. albicans adhesins with an AFM tip bearing specific antibodies was shown to induce the formation of adhesion nanodomains, named 'nanoadhesomes' (Figure 2) . Notably, nanodomains were found to propagate at a speed of 20 nm/minute across the cell surface. While clustering of cell-adhesion proteins in response to mechanical stimuli is well known in mammalian cells, this study indicates that this response may also be a general mechanism for activating cell adhesion in pathogens. In summary, AFM has enabled the discovery of the yeast nanosensosome and nanoadhesome, two functional nanoplatforms that activate cell signalling and cell adhesion.
Complementary to the above imaging approaches, SCFS may be used to understand how receptor clustering contributes to strengthen single-cell adhesion forces ( Figure 3A) . For instance, probing the a2b1-integrin-mediated adhesion of CHO cells to collagen showed a non-linear increase of adhesion strength over a time range of 600 s ( Figure 3B ). During the first 60 s, individual integrins established initial adhesive contacts, while at prolonged contact times, cooperative receptor binding dominated, thereby leading to a 10-fold increase of cell adhesion forces. A second example is the timedependent adhesion of T cells, which interact with antigen-presenting cells to trigger an immune response. Using SCFS, the Spatz team demonstrated the attachment forces between these cells become stronger after 30 minutes, i.e. just when formation of the contact region between the cells becomes maximal.
An exciting direction for the future is to image membrane domains by combining AFM modalities with super-resolution optical microscopy. Besides far-field nanoscopy, near-field scanning optical microscopy (NSOM) also offers promising prospects for tracking membrane heterogeneities. In NSOM, the AFM tip is replaced by a metal-coated tapered optical fibre with nanometer aperture, thereby enabling the generation of optical images of cellular membranes with a nanometer resolution. van Zanten and colleagues used single-molecule NSOM to capture the spatial and functional relationship between integrins and raft components in immune cell membranes. The results suggested that glycosylphosphatidylinositol-anchored proteins and integrin nanoclusters function as nucleation sites for cell adhesion.
Perspectives
Although AFM brings a powerful multifunctional toolbox to the cell biologist, it is clear that the technique will reach its full potential when combined with other methods that allow the simultaneous characterization of complementary parameters. These methods include, for example, high-resolution fluorescence microscopy and spectroscopy (like TIRF, STED, and FCCS), other manipulation techniques such as optical and magnetic tweezers, or methods that allow electrophysiological measurements.
Currently, commercial AFMs analyze the surface of biological specimens but can hardly access the interior of living cells. Thundat and Thundat and colleagues developed an elegant approach, named scanning nearfield ultrasonic holography, that at this stage enables the imaging of nanoparticles inside cells. The idea is to measure how mechanical vibrations passing through cells are disturbed by the nanoparticles. In drug delivery and nanotoxicology, this technique should be very useful for probing the interactions of engineered nanomaterials in cells. There have also been several attempts to bring the AFM tip inside living cells. One approach is to push a nanoneedle coated with selected molecules through the cell membrane and to deliver them to the cytoplasm. An AFM-based fluidic approach using an infinite reservoir of delivery molecules was recently introduced by Meister et al. A nanofluidic channel in the cantilever allows soluble molecules to be dispensed through a submicrometer aperture in the AFM tip. Force-controlled perforation of the cell membrane was achieved, enabling the intracellular injection of dyes.
With its ability to image and ith its ability to image and manipulate live cells to molecular resolution, force nanoscopy provides insight into basic cell biological questions. The high-resolution imaging of cell membranes, the localization and manipulation of individual cell-surface molecules like receptors and sensors, and the quantification of their intermolecular and intramolecular interactions offer a powerful means to unravel the fundamental mechanisms of cellular processes. As force nanoscopy has now come to maturity, we anticipate that it is now ready to provide new insights into most areas of cell biology, including physiology, cell signalling, cell membrane structure and dynamics, cytoskeletal dynamics and molecular motors, cell division, growth and shape, cell motility and migration, developmental biology, cellular microbiology and microbial pathogenesis.
Further reading
